Introduction {#sec1}
============

The chemical and physical principles underlying protein function can only be unraveled by gaining insight into both structural and dynamic features. Nuclear magnetic resonance spectroscopy is unmatched in its ability to provide such insight at atomic resolution. Nuclear spin relaxation, i.e., the return of the perturbed magnetization to its equilibrium, allows one to characterize internal protein dynamics in two distinct ranges: fast pico- to nanosecond and slow micro- to millisecond time scales.^[@ref1]^ Overall rotational diffusion of proteins, which occurs typically on time scales τ~c~ on the order of a few nanoseconds to several tens of nanoseconds, and internal motions on time scales τ~int~ ≲ τ~c~ lead to stochastic fluctuations of orientation-dependent spin interactions such as dipole--dipole couplings and anisotropic chemical shifts. The resulting relaxation rates depend on spectral density functions *J*(ω), which are defined as Fourier transforms of the correlation functions *C*(*t*) of the orientation-dependent interactions. The measurement of a series of relaxation rates allows one to "map" the spectral density functions *J*(ω),^[@ref2]^ thus providing quantitative parameters for models of overall and internal motions. Most models employed to date rely on the hypothesis that internal motions are statistically independent of the rotational diffusion of a macromolecule, which is usually justified by the separation of the time scales of overall and internal motions, the latter being hitherto considered to be at least an order of magnitude faster than the former.^[@ref3]^ Internal motions are usually described by one or two order parameters and discrete internal correlation times^[@ref4],[@ref5]^ or by a distribution of such internal correlation times.^[@ref6]−[@ref8]^ The hypothesis that the time scales of overall and local motions can be separated and that they are statistically independent has however been challenged.^[@ref9]^ The discrimination between different models of motions has proven to be difficult because the spectral density functions could only be properly determined over few narrow ranges of fairly high frequencies. This limitation can be overcome by "relaxometry", i.e., by measuring relaxation rates over a wide range of magnetic fields, typically from 1 μT to 3 T. So far, this could only be achieved at the expense of sensitivity and resolution.^[@ref10],[@ref11]^ Relaxometry can be reconciled with high-resolution high-field NMR by rapidly "shuttling" the sample from high to low field and back.^[@ref12]−[@ref14]^ Slower shuttling has allowed fruitful studies of slowly relaxing phosphorus-31 and carbon-13 nuclei in lipids,^[@ref15]^ but relaxation of nitrogen-15 in proteins is so fast at low fields that the shuttling must be carried out very rapidly. To the best of our knowledge, there is only one pioneering study,^[@ref16]^ albeit shuttling was limited to a fairly narrow range of magnetic fields (down to 4 T).

Here, we use high-resolution relaxometry combined with traditional high-field measurements to measure relaxation rates over nearly 2 orders of magnitude (0.5--22.3 T.) We illustrate the power of this method by revealing internal nanosecond-time scale dynamics in the protein ubiquitin. (Poly)ubiquitination is a mechanism involved in many biological cell-signaling processes, from protein degradation to DNA damage response. Signaling is mediated by interactions of ubiquitin and polyubiquitin with a broad range of protein partners. Such a diversity is made possible through the conformational flexibility of its 76 amino acid chain.^[@ref17]^ This observation was highlighted in a recent study^[@ref18]^ where the internal dynamics of ubiquitin were modified to bind selectively to a single partner, primarily by reducing the flexibility of its β~1~--β~2~ turn (residues 7--13).

It has been shown that the intrinsic flexibility of ubiquitin in its free apo form leads to a rich conformational landscape, which is similar to the conformational diversity in ubiquitin complexes.^[@ref19]^ Binding to a given partner can be described by an induced fit, a conformational selection, or an intermediate mechanism, depending on the time scales of conformational transitions and the lifetimes of encounter complexes.^[@ref20]^ Unraveling the time scales of internal motions in ubiquitin is obviously a prerequisite to understanding the kinetic pathways of binding reactions. Many NMR studies have sought to identify signatures of chemical exchange in ubiquitin in solution,^[@ref21]−[@ref25]^ demonstrating the presence of internal motions on slow time scales (10 ≲ τ~int~ ≲ 100 μs). Residual dipolar couplings (RDCs)^[@ref26]−[@ref30]^ also point to the presence of extensive slow supra-τ~c~ time scales of 5 ns ≲ τ~int~ ≲ 10 ms (with τ~c~ ≈ 5 ns), which could not be detected by high-field relaxation or by chemical exchange phenomena. Several studies of faster sub-τ~c~ motions with τ~int~ ≲ τ~c~ = 5 ns have been carried out using ^15^N or ^13^C relaxation.^[@ref31]−[@ref34]^ Most of these studies rely on data acquired at a single high magnetic field and use simple spectral density functions. The results are often compared to those derived from RDC measurements, and discrepancies are attributed to contributions of supra-τ~c~ motions. We show that high-resolution relaxometry can reveal a surprising complexity of internal protein motions with time scales comparable to overall tumbling that were overlooked in high-field relaxation studies. We show that slower supra-τ~c~ motions have likely been overestimated so far, in particular in the essential extended β~1~--β~2~ turn.

Results and Discussion {#sec2}
======================

The sensitivity of relaxometry to motions on nanosecond time scales is illustrated in Figure [1](#fig1){ref-type="fig"}. We have simulated the longitudinal relaxation rates of nitrogen-15 at several magnetic fields, assuming motions over a range of time scales and amplitudes. An extended model-free^[@ref5]^ spectral density function was assumed with variable order parameters and time scales for slow motions on nanosecond time scales. Analytical expressions can be found in the [Supporting Information](#notes-1){ref-type="notes"}. The longitudinal relaxation rates vary strongly with the magnetic field, depending on the parameters of local motions. Both high- and low-field relaxation rates are remarkably sensitive to slow sub-τ~c~ motions if the order parameters are low. The rates at low fields are more sensitive to internal motions when their correlation times are comparable to the overall tumbling time. Relaxation rates at 0.5 T are more sensitive to internal motions than those recorded at 3 T, which underscores the advantages of studying relaxation at low magnetic fields. Longitudinal relaxation rates are largely insensitive to internal motions with slow time scales τ~int~ ≳ τ~c~/2 at 14.1 T, i.e., at high magnetic fields where many studies of internal dynamics in ubiquitin have been carried out so far. The different patterns for the dependence of longitudinal relaxation rates at high and low fields underline the enhanced sensitivity to nanosecond motions of relaxation measurements over a broad range of magnetic fields.

![Simulated dependence of longitudinal nitrogen-15 relaxation rates on internal motions with nanosecond time scales, i.e., below and above the correlation time for overall tumbling τ~c~ = 5 ns. An extended model-free spectral density function was used with the following parameters: τ~c~ = 5 ns; correlation time for fast internal motions τ~fast~ = 10 ps; order parameters for fast internal motions *S*^2^~fast~ = 0.8; order parameters for slow internal motions 0.1 \< *S*^2^~slow~ \< 1.0 (*x* axis); 1 ns \< τ~int~ \< 15 ns (*y* axis).](ja-2013-09820g_0001){#fig1}

We developed a pneumatic system for fast shuttling, based on a system that was originally developed for liquid-state dynamic nuclear polarization (DNP) studies where the proton polarization observed at 14.1 T can be enhanced by saturating EPR transitions at 0.34 T.^[@ref35]^ Our shuttle consists of a custom-designed probe (Figure [2](#fig2){ref-type="fig"}a,b), a transfer system, and a control unit, as described in more detail in [Supporting Information](#notes-1){ref-type="notes"}. The probe uses two saddle coils, like in standard high-resolution probes. The inner coil is doubly tuned for ^13^C and ^15^N, while the orthogonal outer coil is doubly tuned for ^1^H and ^2^H. This reduces interactions between the sample and the electric component of the rf field, albeit at the expense of a slight loss of sensitivity. The design affords a spectral resolution and line shapes comparable to those obtained using state-of-the-art high-resolution probes at 600 MHz. Special care was taken (Figure [2](#fig2){ref-type="fig"}a) to reduce vibrations arising from the abrupt "landing" of the shuttle at the lower end (see [Supporting Information](#notes-1){ref-type="notes"}). A long tube guides the shuttle during its motion (Figure [2](#fig2){ref-type="fig"}c). The upper position of the shuttle is controlled by an adjustable inner tube. The inner tube is connected to the guiding tube by another damping system to reduce vibrations.

A special quartz container was chosen for protein samples (Figure [2](#fig2){ref-type="fig"}d). Synthetic amorphous quartz glass with a low magnetic susceptibility can resist a large number of shocks. (A single container was used for more than 500 000 shuttling events in the course of this study.) In the shuttle container, a ∼100 μL sample compartment is separated from a ∼10 μL "bubble catcher" compartment by a narrow capillary (150 μm inner diameter). Bubbles appearing in the course of extensive experimental series can be centrifuged into the bubble catcher before resuming the experiments. The active volume that lies within the rf coils is 60 μL (Figure [2](#fig2){ref-type="fig"}d). The resulting sensitivity of this system is about an order of magnitude lower than the sensitivity of a room-temperature TXI probe used with a large-volume sample. This currently limits applications to the study of (bio)molecules that have a good solubility or favorable relaxation properties.

![Schematic views of the fast shuttling system: (a) expanded view of the upper part of the probe; (b) coil assembly with shuttle container; (c) shuttle container; (d) schematic view (not to scale) of the full assembly in the bore of a high-field magnet.](ja-2013-09820g_0002){#fig2}

We used this shuttling system to measure the longitudinal relaxation of backbone nitrogen-15 nuclei in uniformly nitrogen-15 labeled human ubiquitin in acetate buffer at pH 4.5 and *T* = 296.6 ± 0.6 K. The pulse sequence used for these measurements is shown in Figure [3](#fig3){ref-type="fig"}. After a recovery delay in high field (*B*~0~^high^ = 14.1 T) to allow the Boltzmann polarization to build up, the temperature to be regulated, and the field-frequency lock to stabilize the field, the longitudinal polarization N~*z*~ of nitrogen-15 is enhanced using the refocused INEPT method.^[@ref36],[@ref37]^ The sample is then transferred in 41 \< τ~up~ \< 54 ms to a predetermined position in the stray field 27 \< *z* \< 46 cm above the magnetic center. The polarization is then allowed to relax in a low field *B*~0~^low^ for a duration *T*~rel~ and transferred back to high field *B*~0~^high^ in 40 \< τ~down~ \< 70 ms. During a stabilization delay τ~st~ = 100 ms, convection and vibrations are allowed to settle. Finally, the longitudinal nitrogen-15 polarization N~*z*~ is converted back into transverse proton magnetization for detection. The average signal-to-noise ratios in two-dimensional (2D) spectra obtained for the shortest relaxation delays *T*~rel~ = 39 ms were S/N = 66 at *B*~0~^low^ = 5 T (at *z* = 27 cm above the magnetic center) and S/N = 24 for *T*~rel~ = 51 ms at *B*~0~^low^ = 0.5 T (*z* = 46 cm) when 16 transients were recorded for each of 64 complex points in the indirect *t*~1~ dimension (the experimental time was 85 min for each interval *T*~rel~).

Longitudinal relaxation rates were recorded at 7 different low magnetic fields. Each measurement was repeated 2 or 3 times. In addition, a full set of conventional nitrogen-15 relaxation experiments was recorded without shuttling at 14.1, 18.8, and 22.3 T (600, 800, and 950 MHz for ^1^H) using state-of-the-art methods to cancel cross-correlation effects.^[@ref38]−[@ref41]^ The parameters of rotational diffusion were derived from relaxation rates using the program ROTDIF.^[@ref42]^ Diffusion tensors obtained at all three high fields are virtually identical (see [Supporting Information](#notes-1){ref-type="notes"}). On the basis of a solution-state structure of ubiquitin (PDB code 1d3z),^[@ref43]^ we obtained an axially symmetric diffusion tensor with *D*~∥~/*D*~⊥~ = 1.18 ± 0.08 and an overall correlation time τ~c~ = (6Tr(**D**))^−1^ = 4.84 ± 0.2 ns, where Tr(**D**) is the trace of the diffusion tensor from our measurements at 18.8 T. At a lower concentration (200 μM) at 14.1 T we found a slightly shorter overall correlation time τ~c~ = 4.22 ± 0.15 ns. The small variation of τ~c~ and the fact that the anisotropy and orientation of the diffusion tensor were found to be independent of concentration (see [Supporting Information](#notes-1){ref-type="notes"}) suggest that the protein is in monomeric form at pH 4.5 and not in a monomer/dimer equilibrium, as found at neutral pH.^[@ref44]^ In our case, the low pH leads to the protonation of His68 and is likely to reduce the binding affinity of symmetric dimers that associate at the hydrophobic patch at neutral pH, as shown in diubiquitin.^[@ref45]^ Therefore, we believe that the slight increase of the overall correlation time τ~c~ was due to nonspecific intermolecular interactions at high concentration so that we could describe the overall rotational diffusion by a single time-independent tensor.

![Pulse sequence for the measurement of longitudinal nitrogen-15 relaxation of amide nitrogen nuclei in proteins at various low fields *B*~0~^low^ and recovery and detection at high field *B*~0~^high^. Narrow (filled) and wide (open) rectangles represent 90° and 180° pulses, respectively. Pulse phases are along the *x-*axis of the rotating frame unless otherwise specified. The bell-shaped pulses represent 1.2 ms sinc pulses. All delays τ~a~ are set to 1/\|4*J*~NH~\|, with *J*~NH~ = −92 Hz. The stabilization delay τ~st~ = 100 ms allows for convection currents and vibrations to settle. Pulsed field gradients *G*~*z*~ have smoothed rectangular amplitude profiles and 1 ms durations. Their peak amplitudes are *G*~1~ = 25, *G*~2~ = 40, *G*~3~ = 11.5, *G*~4~ = 20.5, *G*~5~ = 40, *G*~6~ = 15 G cm^--1^. The phase cycles were φ~1~ = {*y*, *y*, *y*, *y*, −*y*, −*y*, −*y*, −*y*}; φ~2~ = {*x*, −*x*}; φ~3~ = {*y*, *y*, *y*, *y*, *y*, *y*, *y*, *y*, −*y*, −*y*, −*y*, −*y*, −*y*, −*y*, −*y*, −*y*}; φ~4~ = {*x*, *x*, −*x*, −*x*}; φ~acq~ = {*x*, −*x*, −*x*, *x*, −*x*, *x*, *x*, −*x*, −*x*, *x*, *x*, −*x*, *x*, −*x*, −*x*, *x*}.](ja-2013-09820g_0003){#fig3}

Particular care has been taken to control the temperature in these experiments, since temperature regulation at low field *B*~0~^low^ is not yet feasible in our prototype. We have measured differences of chemical shifts between subsets of signals and calibrated them as a function of temperature.^[@ref23]^ The actual sample temperature was then derived from these chemical shift differences in each experiment. Only experiments with 296 ≤ *T* ≤ 297.2 K were retained in the analysis so that systematic errors can be safely neglected (see [Supporting Information](#notes-1){ref-type="notes"}). Conventional high field-relaxation measurements at 14.1 and 18.8 T were carried out at 296.5 K. Rates measured at 22.3 T and 298.5 K were corrected to account for the change in τ~c~.

The longitudinal relaxation rates *R*~1~(*B*~0~) = 1/*T*~1~(*B*~0~) of ^15^N nuclei in the backbone of ubiquitin determined at 10 different fields are shown in Figure [4](#fig4){ref-type="fig"}. Cross-relaxation pathways lead to multiexponential decays, which in high fields can usually be transformed into monoexponential decays by suitable pulse sequences.^[@ref46],[@ref47]^ Since in our prototype it is not possible to apply any rf pulses in low fields, systematic deviations from monoexponential decays must be taken into account in the analysis.^[@ref16]^ We have developed a protocol dubbed "iterative correction for the analysis of relaxation under shuttling" (ICARUS). First, the analysis of relaxation rates was carried out (in terms of overall tumbling and microdynamics) at all three high fields 14.1, 18.8, and 22.3 T using the programs ROTDIF^[@ref42]^ and DYNAMICS.^[@ref48]^ The parameters resulting from this initial step were then used to predict the deviations from simple exponential decays in a spin system that comprises one ^15^N--^1^H pair and two remote protons (see [Supporting Information](#notes-1){ref-type="notes"}). For each field *B*~0~^low^, we simulated the relaxation of each ^15^N--^1^H pair in ubiquitin *during* shuttling, with constant velocity (see [Supporting Information](#notes-1){ref-type="notes"}). The deviations between the calculated "apparent" nitrogen-15 relaxation rates and the "true" low-field relaxation rates were then used to correct for systematic errors in the experimental rates. In a second iteration, longitudinal relaxation rates at all 10 fields and ^15^N{^1^H} NOEs at the three high fields 14.1, 18.8, and 22.3 T were used as input to the program DYNAMICS. This cycle was reiterated four times to achieve a satisfactory convergence for all residues. The typical corrections varied from 4.5% to 13%. Cross-correlations of the fluctuations of nitrogen-15 chemical shift anisotropies and ^15^N--^1^H dipolar couplings are dominant above 3 T, with average corrections ranging from 5.1% at 3 T to 9.2% at 5 T, while ^15^N--^1^H dipolar cross-relaxation dominates below 2 T, with corrections on the order of 11% at fields below 1 T.

![Experimental longitudinal relaxation rates *R*~1~ = 1/*T*~1~ of ^15^N in backbone amide groups of ubiquitin as a function of magnetic fields 0.5 ≤ *B*~0~^low^ ≤ 5 T and 14.1 ≤ *B*~0~^high^ ≤ 22.3 T. From bottom to top: *B*~0~^high^ = 22.3, 18.8, 14.1 (red squares, magenta crosses, blue triangles); *B*~0~^low^ = 22.3, 18.8, 14.1 5.0, 3.0, 2.0, 1.4, 1.0, 0.74, and 0.5 T (cyan diamonds, green circles, orange squares, red crosses, magenta triangles, blue diamonds, cyan circles). Note that all rates increase with decreasing field. The lower *B*~0~^low^ is, the greater are the variations of the rates along the backbone.](ja-2013-09820g_0004){#fig4}

The results of this analysis are shown in Figure [5](#fig5){ref-type="fig"}. As expected from studies of ^15^N and ^13^C relaxation,^[@ref31],[@ref32]^ residual dipolar couplings,^[@ref26],[@ref28],[@ref29]^ and molecular dynamics,^[@ref49]−[@ref51]^ we find that ubiquitin is fairly rigid. However, we determined the order parameters to be significantly lower than in earlier relaxation-based studies. We may compare (Figure [4](#fig4){ref-type="fig"}) (i) the order parameters resulting from all 10 fields, (ii) those obtained from relaxation rates at 14.1 T only, and (iii) those obtained at three high fields (14.1, 18.8, and 22.3 T). With few exceptions, the order parameters resulting from our analysis of relaxation at 10 magnetic fields are the lowest. In particular, the dynamics of the crucial β~1~--β~2~ turn (residues 7--12) can be best described by an extended model-free^[@ref5]^ spectral density function with similar time scales for all six residues (see [Supporting Information](#notes-1){ref-type="notes"}). A global fit of these six residues gives a common effective time scale τ~7--12~ = 2 ns. This is in good agreement with the well-documented hypothesis of a collective motion.^[@ref52]^ This motion was so far believed to occur on a much slower, so-called supra-τ~c~ time scale τ~7--12~ \> τ~c~, since RDC studies indicated large-amplitude motions while relaxation at a single high field failed to detect such motions. Interestingly, lower order parameters and motions on similar time scales (see [Supporting Information](#notes-1){ref-type="notes"}) are also found at the C-terminus of helix α~1~ and loop α~1~--β~4~ (residues 33 and 36), which participate, along with the β~1~--β~2~ turn, in the principal mode of ubiquitin dynamics.^[@ref19],[@ref53]^ The relaxation of this principal mode could be described in silico with two time scales, 0.4 and 13 ns.^[@ref53]^ Our analysis assumes only one single time scale for the semilocal motions, and the fit leads to an intermediate value, τ~7--12~ = 2 ns, which could well result from effective averaging between these two time scales. More complex models of spectral density functions should open the way to a better agreement between experimental rates and theory.

![(a) Order parameters *S*^2^ in ubiquitin obtained from the analysis of nitrogen-15 relaxation rates, taking into account (red) relaxation rates at 14.1 T only; (black) relaxation data at three fields 14.1, 18.8, and 22.3 T; (green) relaxation rates at all 10 fields from 0.5 to 22.3 T. (b) Comparison of order parameters obtained from relaxation rates at all fields (green) and from analysis of residual dipolar couplings (RDCs) in large sets of orienting media, either by GAF (blue)^[@ref30]^ or SCRM (purple).^[@ref28]^](ja-2013-09820g_0005){#fig5}

The inability of high-field relaxation studies to identify these motions is hardly surprising, since most studies have only been carried out at a single field. Therefore, the sampling of the spectral density function was insufficient and did not characterize sufficiently well motions on nanosecond time scales. The consequences of undersampling of the spectral density function are exacerbated if one uses simple models that do not properly reproduce the actual spectral density functions. Strikingly, the order parameters for fast motions obtained by extended-model free analysis of all relaxation rates match very well with order parameters obtained from the analysis of relaxation data at 14.1 T only (see [Supporting Information](#notes-1){ref-type="notes"}). This point is also nicely illustrated by the analysis of a 1.2 μs molecular dynamics trajectory of ubiquitin.^[@ref50]^ In this study, order parameters *S*^2^ derived from the average orientations of NH vectors were low for the β~1~--β~2~ turn. However, when the nonexponential correlation functions were forced to fit with a simple extended model-free correlation function, the order parameters became significantly higher, similar to those found in relaxation studies at 14.1 T.^[@ref32]^

Figure [5](#fig5){ref-type="fig"}b presents the comparison of orders parameters obtained (i) from our relaxometry analysis of relaxation at 10 magnetic fields and (ii) from two independent analyses of residual dipolar couplings (RDCs) in large sets of oriented media using the Gaussian axial fluctuations (GAF)^[@ref30]^ or the self-consistent RDC-based model-free analysis (SCRM)^[@ref28]^ approaches. The three profiles are similar. In particular, the order parameters in the β~1~--β~2~ turn (residues 7--12) are almost identical so that one expects the amplitudes of motions in this turn that cannot be detected by relaxation to be very small. Significant correlations between slow supra-τ~c~ motions of the β~1~--β~2~ turn and those of the β sheet are therefore unlikely, although correlated motions in the core of the β-sheet cannot be excluded.^[@ref52]^ Our relaxometry data show that the whole β~2~ strand, which lies at the edge of the β-sheet, is significantly dynamic. Similarly, studies of the third immunoglobin binding domain of streptococcal protein G (GB3) have also shown the presence of enhanced motions in the last strand of an otherwise fairly rigid β-sheet.^[@ref54]^ These results differ from those of a GAF analysis of dynamics in ubiquitin,^[@ref29]^ where the β~2~-strand is found to be rigid. However, they are in better agreement with results from the SCRM analysis.^[@ref28]^

![Large amplitude dynamics in ubiquitin on fast nanosecond time scales. Rigid residues with high order parameters *S*^2^ \> 0.75 are shown in gray. Mobile residues with intermediate and small order parameters are shown in yellow (0.70 \< *S*^2^ \< 0.75), orange (0.60 \< *S*^2^ \< 0.70), and red (*S*^2^ \< 0.6.). Residues for which no data are available are shown in white. The main interface with binding partners comprises the side chains of residues Leu8, Ile44, His68, and Val70 represented by space-filling models.](ja-2013-09820g_0006){#fig6}

In addition to this region, our relaxometry method allowed us to detect enhanced dynamics in several loops: β~2~--α~1~, β~4~--α~2~, and α~2~--β~5~ as well as in the β~3~--β~4~ turn and β~4~ strand, which lies at the opposite edge of the β sheet. This is, again, in good qualitative agreement with both RDC studies (see Figure [5](#fig5){ref-type="fig"}b). The agreement with accelerated molecular dynamics simulations is excellent, with a good correlation coefficient (*R* = 0.91) between the two data sets (see [Supporting Information](#notes-1){ref-type="notes"}). Note, however, that the order parameters found by relaxometry are systematically (albeit only slightly) lower than those obtained by molecular dynamics.

Figure [6](#fig6){ref-type="fig"} shows a graphical representation of order parameters in ubiquitin. The edges of the β-sheet are occupied by the β~1~--β~2~ turn and the flexible C-terminal tail at one end and by the α~2~--β~5~ loop and β~3~--β~4~ turn at the other end, with the β~2~ and β~4~ strands on each side. All of these regions are found to be dynamic, albeit to different extent. The picture that emerges is a hierarchy of time scales^[@ref55]^ near the main binding interface of ubiquitin that consists of a β-sheet with a core that is flexible on a slow time scale of about 50 μs,^[@ref23],[@ref25]^ while its edges are mobile on faster nanosecond time scales. Between these two time scales, small correlated fluctuations of the β-sheet also appear to be allowed.^[@ref52]^ The ability of the edges of the interface to undergo conformational rearrangements on nanosecond time scales would be compatible with an induced fit mechanism in the early stage of binding.

![Longitudinal relaxation rates *R*~1~(*B*~0~) as a function of the static field (so-called "relaxometry dispersion profiles") for eight selected residues in ubiquitin. Note that the vertical scale is expanded by a factor of 5 for the two C-terminal glycines (bottom right). The blue and red dots show corrected longitudinal relaxation rates, adjusted to compensate for relaxation during shuttling, while the lines show dispersion profiles calculated from the microdynamic parameters obtained in our analysis.](ja-2013-09820g_0007){#fig7}

Figure [7](#fig7){ref-type="fig"} shows a few selected plots of longitudinal relaxation rates *R*~1~(*B*~0~). Dramatic differences can be observed between mobile and rigid residues. A good agreement between experimental and theoretical profiles is observed for most residues. Some dispersion profiles feature systematic discrepancies, which highlight the limitations of current models of spectral density functions. Our experimental data call for the development of new, more sophisticated models. Some relaxation profiles, e.g., for the highly mobile C-terminal glycine residues G75 and G76, present deviations from the theoretical profiles at both high and low magnetic fields, even when postulating a spectral density function comprising a sum of three Lorentzian functions with five adjustable parameters, thus suggesting the presence of a distribution of time scales.^[@ref8]^ In particular, with only two time scales for internal motions, the fitted spectral density function is rather flat at high frequencies. Hence, contributions of the chemical shift anisotropy to relaxation lead to an increase in the *R*~1~(*B*~0~) curve between 14 and 23 T, in contradiction with experimental results. Similarly, a small but systematic underestimation of the spectral density *J*(ω=0) in some of the most mobile regions, and hence of the back-predicted transverse relaxation rates (see [Supporting Information](#notes-1){ref-type="notes"}), can be understood by postulating a rapid initial decay of the spectral density function at low frequencies. Interestingly, no significant contribution of chemical exchange to transverse relaxation *R*~ex~ could be detected (see [Supporting Information](#notes-1){ref-type="notes"}).^[@ref39],[@ref56]^ The analysis of relaxation at three high fields also leads to underestimate *J*(ω=0), as illustrated by the need for urealistic *R*~ex~ contributions to fit *all* relaxation data. Nanosecond fluctuations of the overall diffusion tensor associated with motions of the C-terminal tail, transient oligomerization,^[@ref10]^ and mode coupling of local and global motions^[@ref9],[@ref57],[@ref58]^ may be responsible for these unexpected features.

We have measured and analyzed residue-specific relaxation rates in a protein over a range of nearly 2 orders of magnitude of magnetic fields. Our high-resolution relaxometry approach reveals unexpected motions in the protein ubiquitin. In particular, the motion of the β~1~--β~2~ turn appears to have larger amplitudes than could be previously identified by relaxation at high fields, in agreement with RDCs and MD. Until now, discrepancies between high-field relaxation and RDC-based methods were attributed to the cutoff of internal motions by overall rotation. High-field relaxation studies have led to underestimate sub-τ~c~ and near-τ~c~ motions because relaxation rates in high fields are not sufficiently sensitive to motions in the nanosecond frequency range. Although many proteins, and ubiquitin in particular, are mobile on slow supra-τ~c~ time scales (slower than overall rotational diffusion), a mere comparison of order parameters obtained from high-field relaxation and RDCs is likely to overestimate such slow motions. This study shows that high-resolution relaxometry with fast sample shuttling allows one to map the spectral density functions in exquisite detail and offers unprecedented information about local motions in proteins on time scales that are faster than or comparable to their overall tumbling.

Methods {#sec3}
=======

Magnetic Field Mapping {#sec3.1}
----------------------

The magnetic field was measured as a function of the height above the magnetic center in steps of 1 mm using a homemade mapping device with two calibrated triple-axes Hall probes (Senis) with a precision of 0.1%. A CH3A10mE3D transducer was used for measurements from 0.05 to 2 T, while a 03A05F-A20T0K5Q transducer was used between 1 and 13 T.

Relaxation Experiments {#sec3.2}
----------------------

The experiments were carried out on samples of 0.2 and 3 mM uniformly ^15^N labeled human ubiquitin (Giotto) in 50 mM acetate buffer (pH 4.5) in H~2~O/D~2~O (90/10 v/v) at 296 ≤ *T* ≤ 297.2 K using a 600 MHz Bruker Avance III spectrometer equipped with our pneumatic sample shuttle for measurements at low field. The pulse sequence shown in Figure [3](#fig3){ref-type="fig"} was used for 0.5 \< *B*~0~ \< 5 T, with a recovery delay of 2.2 s. All experiments were acquired with 16 transients and 64 complex points in the indirect *t*~1~ dimension. Water-flip back pulses were applied to minimize the saturation of the water resonance;^[@ref59]^ the WATERGATE^[@ref60]^ scheme was used prior to detection. Frequency sign discrimination in the ω~1~ domain was achieved with the States--TPPI method.^[@ref61]^ A full relaxation decay comprising 7--8 interleaved spectra could be recorded in 10--12 h. All signals were recorded at 14.1 T with a prototype probe equipped with *z* axis gradients and processed and analyzed with NMRPipe.^[@ref62]^ The relaxation curves at low fields were fitted to monoexponential functions.

Relaxation Data Analysis {#sec3.3}
------------------------

The analysis of relaxation rates was performed with our ICARUS process, which uses ROTDIF^[@ref42]^ and DYNAMICS^[@ref48]^ at each iteration. All programs are written in Matlab (MathWorks, Inc.) A full description is given in [Supporting Information](#notes-1){ref-type="notes"}. In order to account for systematic errors, a jack-knife procedure was used: the analysis was repeated seven times while excluding one of the seven low-field relaxation rates. The order parameters shown in Figure [5](#fig5){ref-type="fig"} result from the average over the seven analyses, and the errors correspond to the standard deviation of all seven values weighted by 6^1/2^.

The analysis was carried out with similar parameters as in many other NMR studies of protein dynamics. An internuclear nitrogen--hydrogen distance *d*~NH~ = 1.02 Å and a ^15^N chemical shift anisotropy of −160 ppm were assumed to be common to all peptide bonds.

The effective distances between the H^N^ amide proton and the two additional protons are critical for scaling the corrections in the ICARUS procedure. In order to determine these distances, we measured longitudinal relaxation rates at 14.1 T with experiments similar to the shuttling method but where the longitudinal nitrogen-15 polarization is allowed to evolve during fixed intervals before and after the relaxation delay, during which no rf pulses are applied. The optimal distances *d*~HH~ were found to vary between 1.6 and 2.7 Å with an average of 2.1 Å. This result is confirmed by a computation of the sum of dipolar interactions with all protons (see [Supporting Information](#notes-1){ref-type="notes"}) where the median value corresponds to an effective distance *d*~HH~ = 2.07 Å. Unfortunately, site-specific variations of *d*~HH~ obtained in the two approaches were only weakly correlated so that we decided to use an average *d*~HH~ = 2.1 Å for all residues. In order to evaluate the potential systematic errors of the resulting order parameters, we carried out a complete ICARUS analysis for a series of distances 1.7 \< *d*~HH~ \< 2.6 Å. Results are shown in the [Supporting Information](#notes-1){ref-type="notes"}. Order parameters of some sites tend to be sensitive to the distance *d*~HH~, but the main features of our analysis, in particular the low order parameters found in the β~1~--β~2~ turn, remain stable regardless of the distance *d*~HH~.

Detailed presentation of the shuttle system; temperature control; description of the ICARUS protocol; results of ICARUS analysis; tables of all measured and corrected relaxation rates as well as microdynamic parameters obtained from analysis of relaxation at 14.1 T only, three high fields, and all 10 fields. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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